Abstract: Three common pretreatments (mechanical, steam explosion and chemical) used to enhance the biodegradability of rice straw were compared on the basis of bio-hydrogen production potential while co-digesting rice straw with sludge under mesophilic (37˝C) and thermophilic (55˝C) temperatures. The results showed that the solid state NaOH pretreatment returned the highest experimental reduction of LCH (lignin, cellulose and hemi-cellulose) content and bio-hydrogen production from rice straw. The increase in incubation temperature from 37˝C to 55˝C increased the bio-hydrogen yield, and the highest experimental yield of 60.6 mL/g VS removed was obtained under chemical pretreatment at 55˝C. The time required for maximum bio-hydrogen production was found on the basis of kinetic parameters as 36 h-47 h of incubation, which can be used as a hydraulic retention time for continuous bio-hydrogen production from rice straw. The optimum pH range of bio-hydrogen production was observed to be 6.7˘0.1-5.8˘0.1 and 7.1˘0.1-5.8˘0.1 under mesophilic and thermophilic conditions, respectively. The increase in temperature was found useful for controlling the volatile fatty acids (VFA) under mechanical and steam explosion pretreatments. The comparison of pretreatment methods under the same set of experimental conditions in the present study provided a baseline for future research in order to select an appropriate pretreatment method.
Introduction
Global energy demand is rising due to the industrialization and population growth. As fossil fuels are the dominant source of energy, the heavy reliance on fossil fuels is not only depleting them, but also contributing to climate change. In order to overcome this issue, efficient utilization of alternative energy sources, such as biomass, solar, wind and hydro, are getting more and more attention. Among
The following study was conducted to compare the effect of mechanical, thermal and chemical treatment on rice straw for bio-hydrogen production, co-digested with sludge under mesophilic and thermophilic conditions. The volatile solids, volatile fatty acids, soluble chemical oxygen demand and pH were also measured to observe different aspects of the fermentation process.
Material and Methods

Pretreatment of Rice
The rice straw was collected from Ba Bai Qiao experimental field of Nanjing Agricultural University, cut into short pieces and air dried. Later, three different pretreatments were performed on rice straw, i.e., mechanical, chemical and thermal. In the mechanical treatment, straw was ground in a grinder (LH-08B Speed Grinder, CNC Instruments Inc.: Zhejieng, China), passed through a 2-mm sieve, and sieved straw was used for bio-hydrogen production.
In order to perform chemical treatment, the solid state NaOH pretreatment proposed by He et al. [15] was opted after some modification. The straw was first chopped by a specially-designed chopper and then ground into 5 mm-10 mm-sized particles. Later, 100 g of straw were mixed with 80 g of distilled water containing 6 g of NaOH and mixed thoroughly to make the resultant moisture content at 80% on a dry basis. Later, the straw was placed in a 1-L beaker for three weeks at room temperature. By the end of pretreatment, the straw was dried in an oven and stored in a refrigerator. The selected pretreatment has no environmental issues, and it does not require washing to remove leftover NaOH.
The steam explosion was done by chopping the straw into 3-4 cm-sized particles [18] . On the basis of initial moisture content, water was added to the straw, so that the total solids (TS) level could be maintained around 20% [19] . After adding water, straw was thoroughly mixed and left for 4-5 h, so that water is absorbed by the straw uniformly. Later, the straw was added into the steam explosion chamber (2 L) till it was half filled and sealed from the top. The saturated steam was added into the chamber till the temperature of the chamber reached 240˝C, after which, the timing of the reaction was started. After 240 s, the valve was opened, so that explosive depressurization could occur [20] . The resultant straw was collected and stored in bags.
Seeded Sludge
The sludge was obtained from a settling channel in Pokuo and was sieved and washed with tap water to remove dust and foreign materials [21] . Later, it was placed in a preheated oven at 100˝C for 30 min in order to deactivate hydrogenotrophic methanogens [22, 23] . The volatile solids, volatile fatty acids, alkalinity and pH of the sludge were 2.87%, 13950 mg/L, 3700 mg/L and 7.1, respectively.
Anaerobic Bio-Reactor
In the present study, a 20-L stainless steel double jacket anaerobic bioreactor was developed in collaboration with Zhejiang Instruments Limited ( Figure 1 ). The reactor was equipped with a proportional integral derivative (PID) controller (CAN-C700, Aivpen Instruments, Le Qing, China) to manage temperature with the help of a heating unit and a platinum resistance temperature sensor (PT-100). The flow through heating unit was controlled by a solenoid valve (D01-4104, YuYao Sanlixin Solenoid valve Co.: Shanghai, China) and water circulation pump (UP Basic, Grundfos: Sozhou, China) connected to a 100-L water reservoir. The pH was managed by another PID pH controller (PH900, Acitek Instrumentsm: Shanghai, China), pH sensor (Easyferm plus 120, Hamilton Bonaduz AG: Bonaduz, Switzerland) and a peristaltic pump to add the desired amount of chemical from a 500-mL glass bottle to maintain pH at specific points. Thorough mixing was done by a three-stage stirrer connected to a permanent magnet DC servo motor (ZSD05A, Shanghai ShuDong Motor Co., Ltd.: Shanghai, China). There was an inlet port (1-inch diameter) for feeding materials at the top, and an outlet port (1-inch diameter) along with a ball valve was at the bottom. A vacuum pump (FY-1H-N, Zhejiang E & M Value Co.: Zhejiang, China) was also attached to the reactor to develop anaerobic conditions [24, 25] . 
Analytical and Assay Methods
The total solids (TS), volatile solids (VS), chemical oxygen demand (COD), volatile fatty acids (VFA) and alkalinity were measured by standard methods [26] . The volume of hydrogen gas was measured in the same way opted in our previous studies [24, 25, 27] . The compositional properties of straw were measured by the procedure opted by Ververis [28] . The bio-hydrogen production was modeled by the modified Gompertz equation for the determination of kinetic parameters [29] :
where H, t, P, Rm, λ and e represent cumulative bio-hydrogen production (mL), incubation time (h), bio-hydrogen production potential, maximum bio-hydrogen production rate (mL/h), lag phase duration (h) and 2.71828, respectively. The values of H, t, P and Rm were solved by using the curve fitting tool in MATLAB (Ver. 2010 a). In order to develop 2D plots through the response surface methodology, the full quadratic model as shown below was used to model the bio-hydrogen production, pH and volatile fatty acids [30, 31] :
where and are the controlled parameters, which influence Y and 0 , and , are the offset term, linear and quadratic coefficients, respectively.
Batch Experiments
The plant was operated at 10% TS by adding pretreated straw and seeded sludge in equal proportions on a TS basis, and the initial pH was maintained to 7.5 with the help of pH controller using 3 M HCl or 3 M NaOH [18] . The co-digestion was done under mesophilic (37 °C) and thermophilic (55 °C) conditions, and all experiments were performed in duplicate [27] . The volume of bio-hydrogen and pH was measured after 12 h-intervals, and VFAs were measured on a daily basis. The incubation time was set to 7 days, after which TS and VS were analyzed [32] .
Results and Discussion
Pretreatment Effect on Kinetic Parameters
The bio-hydrogen production rate (Rm) increased with an increase in temperature, and the intensity of increase was different under different pretreatments ( Table 1) . The maximum and minimum increase in the Rm value due to the increase in temperature from 37 °C to 55 °C was observed in steam explosion (12.56%) and chemical pretreatment (4.39%), respectively. On the other 
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where H, t, P, R m , λ and e represent cumulative bio-hydrogen production (mL), incubation time (h), bio-hydrogen production potential, maximum bio-hydrogen production rate (mL/h), lag phase duration (h) and 2.71828, respectively. The values of H, t, P and R m were solved by using the curve fitting tool in MATLAB (Ver. 2010 a). In order to develop 2D plots through the response surface methodology, the full quadratic model as shown below was used to model the bio-hydrogen production, pH and volatile fatty acids [30, 31] :
where X i and X j are the controlled parameters, which influence Y and a 0 , a ii and a ij , are the offset term, linear and quadratic coefficients, respectively.
Batch Experiments
The plant was operated at 10% TS by adding pretreated straw and seeded sludge in equal proportions on a TS basis, and the initial pH was maintained to 7.5 with the help of pH controller using 3 M HCl or 3 M NaOH [18] . The co-digestion was done under mesophilic (37˝C) and thermophilic (55˝C) conditions, and all experiments were performed in duplicate [27] . The volume of bio-hydrogen and pH was measured after 12 h-intervals, and VFAs were measured on a daily basis. The incubation time was set to 7 days, after which TS and VS were analyzed [32] . 
Results and Discussion
Pretreatment Effect on Kinetic Parameters
The bio-hydrogen production rate (R m ) increased with an increase in temperature, and the intensity of increase was different under different pretreatments ( Table 1 ). The maximum and minimum increase in the R m value due to the increase in temperature from 37˝C to 55˝C was observed in steam explosion (12.56%) and chemical pretreatment (4.39%), respectively. On the other hand, the same increase in temperature increased the cumulative bio-hydrogen production (P) by 39.16%, 26.86% and 10.97% for chemical pretreatment, mechanical pretreatment and steam explosion, respectively. In the case of steam explosion, the increase in P and R m due to the increase in temperature was close, i.e., 10.96% and 12.56%, respectively. However, in the case of chemical pretreatment, the difference in P and R m was much higher. The difference was observed due to the bio-hydrogen production period between two temperatures, i.e., bio-hydrogen production started after 12 h of incubation and continued till 120 h at 37˝C, whereas it started before 12 h of incubation and continued till 144 h at 55˝C ( Figure 2 ). As a whole, the increase in temperature from mesophilic to thermophilic increased the bio-hydrogen production, as reported by Alemehdi et al. [33] and Kim et al. [32] . The increase in hydrogen production might be due to the presence of Thermoanaerobacterium thermosaccharolyticum that grow at a higher temperature and produce more hydrogen [34] . On the other hand, due to the early start of bio-hydrogen production at 55˝C under chemical pretreatment, there was a 550-mL difference in the volume of gas produced between the two reactors under different temperatures that remained almost the same till 60 h of incubation. After 60 h, the difference in bio-hydrogen production kept on increasing. This means that the R m for both temperatures was almost the same till 60 h of incubation, after which R m increased, which increased the value of P for thermophilic conditions ( Figure 2 ), whereas such an impact of temperature can be observed in the studies reported by Leilei et al. [19] and Chen et al. [35] . A similar impact of temperature on P and R m was observed for mechanical pretreatment. hand, the same increase in temperature increased the cumulative bio-hydrogen production (P) by 39.16%, 26.86% and 10.97% for chemical pretreatment, mechanical pretreatment and steam explosion, respectively. In the case of steam explosion, the increase in P and Rm due to the increase in temperature was close, i.e., 10.96% and 12.56%, respectively. However, in the case of chemical pretreatment, the difference in P and Rm was much higher. The difference was observed due to the bio-hydrogen production period between two temperatures, i.e., bio-hydrogen production started after 12 h of incubation and continued till 120 h at 37 °C, whereas it started before 12 h of incubation and continued till 144 h at 55 °C ( Figure 2 ). As a whole, the increase in temperature from mesophilic to thermophilic increased the bio-hydrogen production, as reported by Alemehdi et al. [33] and Kim et al. [32] . The increase in hydrogen production might be due to the presence of Thermoanaerobacterium thermosaccharolyticum that grow at a higher temperature and produce more hydrogen [34] . On the other hand, due to the early start of bio-hydrogen production at 55 °C under chemical pretreatment, there was a 550-mL difference in the volume of gas produced between the two reactors under different temperatures that remained almost the same till 60 h of incubation. After 60 h, the difference in bio-hydrogen production kept on increasing. This means that the Rm for both temperatures was almost the same till 60 h of incubation, after which Rm increased, which increased the value of P for thermophilic conditions ( Figure 2 ), whereas such an impact of temperature can be observed in the studies reported by Leilei et al. [19] and Chen et al. [35] . A similar impact of temperature on P and Rm was observed for mechanical pretreatment. It was also observed that the P-values for thermophilic mechanical pretreatment and mesophilic steam explosion were close to each other, whereas the respective R m values for both treatments were much different from each other. One of the main reasons for such a difference in P-values is the lag phase (λ), i.e., the λ for thermophilic mechanical pretreatment (1.271 h) is smaller than the λ observed Energies 2016, 9, 198 6 of 14 for mesophilic steam explosion (6.538 h), which represented the early production of bio-hydrogen in the thermophilic reactor under mechanical pretreatment. The early start of bio-hydrogen production in thermophilic reactor under mechanical pretreatment continued till 156 h of incubation, whereas the production was closed after 120 h in the mesophilic reactor under steam explosion. Because of these two facts, the P-values for both reactors were close to each other, even after having a huge difference in R m values. Kinetic parameters can be used to derive the time (t max ) required to attain the maximum value of R m . This can be done by taking the first derivative with respect to time of Equation (1) and comparing the results with zero [36] . The resultant equation is:
By placing the kinetic parameters in Equation (1), the resultant t max values are shown in Table 1 . The increase in temperature decreased the t max for mechanical pretreatment and steam explosion and increased it for chemical pretreatment. The t max can be used as the hydraulic retention time (HRT) in continuous production of bio-hydrogen. As the t max for steam explosion at 55˝C is the smallest in all treatments, steam explosion is more suitable for continuous production processes.
The response surface methodology was opted for a better representation of the bio-hydrogen production with time. In the first step, a quadratic model was fit to the bio-hydrogen production data using false values for incubation time (x 1 :´3 = 24 h; 3 = 168 h), pretreatment method (x 2 :´1 = mechanical, 0 = steam explosion and 1 = chemical) and temperature (x 3 :´1 = 37˝C and 1 = 55˝C). The following equation was obtained: 
Here, Y is the modeled cumulative bio-hydrogen production. The quadratic model developed has a high F value and can significantly explain 91.2% of the variability. The 2D contour plots developed for modeled bio-hydrogen production are shown in Figure 3 . It was revealed from modeling that the impact of temperature during the first 24 h was the highest under chemical pretreatment and the lowest under steam explosion. This can be visualized in the contours by observing the variation in the size of the triangle filled with dark blue color ( Figure 3 ). The decrease in bio-hydrogen production was observed first under mechanical pretreatment after 60 h of incubation, which became more prominent under mesophilic temperature after 108 h. Such a change in bio-hydrogen production can be visualized by the area of the color distribution in surface plots or by observing the change in the width of contours. The decrease in modeled bio-hydrogen was observed after 72 h and 84 h, which also became more protuberant after 120 h and 144 h of incubation at 37˝C under steam explosion and chemical pretreatment, respectively. The decrease in actual bio-hydrogen production was also observed during the same span of time, but it was difficult to observe the noticeable change in bio-hydrogen
production, as observed in contour and surface plots. As a whole, the 2D illustration of the modeled bio-hydrogen production provides a better representation, which is more helpful to understand the impact of pretreatment and temperature as compared to the line graphs developed. 
Bio-Hydrogen Yield
The bio-hydrogen yield was calculated by dividing the P with initial volatile solid contents of the reactor (VSfed). The impact of temperature was the same as observed on cumulative bio-hydrogen production, as the initial VS fed were the same for each treatment under both temperatures. The chemical treatment resulted in higher bio-hydrogen yield under both temperatures as compared to other treatments. It is clear from the Table 1 that the lignin content was decreased due to chemical treatment. The decrease in lignin content occurred in two steps. First, the lignin-carbohydrate complexes (LCCs) formed due chemical bonds among lignin and holocellulose being changed as the bonds were hydrolyzed by the saponification reaction and released holocellulose, which also increased the degradation of straw [37, 38] . In the second stage, de-polymerization of lignin occurred and formed other substances that reduced the lignin content [15] . The cellulose released from LCCs was also affected by the NaOH used in the chemical treatment, which caused intramolecular and intermolecular changes [39] . Such changes resulted in decreased cellulose content, as well as made degradation easier for microbes. The same intramolecular and intermolecular degradation was also observed for hemicellulose because of the breakage and disruption of bonds during NaOH treatment, which ultimately reduced the hemicellulose (Table 1 ) [40] . On the other hand, steam explosion pretreatment increased the lignin content due to migration, re-condensation and re-localization of lignin onto outer surfaces, which also exposes the internal cellulose [41] . However, during this process, the crystalline structure of cellulose is preserved, while hemicellulose degraded and de-polymerized and resulted in higher holocellulose, as compared to chemical treatment [20] . This is the major difference in both pretreatments, which increased the bio-hydrogen yield from 10 to 15.30 mL/g VSfed when the method was changed from steam explosion pretreatment to chemical pretreatment. Whereas, the mechanical treatment has no effect on the compositional properties, it reduced the crystalline nature of the cellulose, increased the active surface area, as well as increased the degree of polymerization [42] ; which ultimately improved the hydrolysis of straw and the bio-hydrogen yield of 9.72 mL/VSfed obtained under thermophilic conditions. As a whole, the bio-hydrogen yields obtained in the present study are in agreement with the findings of Alimehdi [33] .
The impact of the pretreatment method would be clearer if the yield were calculated on the removed fraction of volatile solids (VSremoved), as presented in Table 2 . The increase in temperature from 37 °C to 55 °C increased the bio-hydrogen yield (VSremoved) by 21.48%, 6.03% and 9.34% and VS removal by 17.53%, 16.03% and 4.66% under chemical, steam explosion and mechanical pretreatment, respectively. The increase in temperature from 37 °C to 55 °C increased the degradation of cellulose 
The bio-hydrogen yield was calculated by dividing the P with initial volatile solid contents of the reactor (VS fed ). The impact of temperature was the same as observed on cumulative bio-hydrogen production, as the initial VS fed were the same for each treatment under both temperatures. The chemical treatment resulted in higher bio-hydrogen yield under both temperatures as compared to other treatments. It is clear from the Table 1 that the lignin content was decreased due to chemical treatment. The decrease in lignin content occurred in two steps. First, the lignin-carbohydrate complexes (LCCs) formed due chemical bonds among lignin and holocellulose being changed as the bonds were hydrolyzed by the saponification reaction and released holocellulose, which also increased the degradation of straw [37, 38] . In the second stage, de-polymerization of lignin occurred and formed other substances that reduced the lignin content [15] . The cellulose released from LCCs was also affected by the NaOH used in the chemical treatment, which caused intramolecular and intermolecular changes [39] . Such changes resulted in decreased cellulose content, as well as made degradation easier for microbes. The same intramolecular and intermolecular degradation was also observed for hemicellulose because of the breakage and disruption of bonds during NaOH treatment, which ultimately reduced the hemicellulose (Table 1) [40] . On the other hand, steam explosion pretreatment increased the lignin content due to migration, re-condensation and re-localization of lignin onto outer surfaces, which also exposes the internal cellulose [41] . However, during this process, the crystalline structure of cellulose is preserved, while hemicellulose degraded and de-polymerized and resulted in higher holocellulose, as compared to chemical treatment [20] . This is the major difference in both pretreatments, which increased the bio-hydrogen yield from 10 to 15.30 mL/g VS fed when the method was changed from steam explosion pretreatment to chemical pretreatment. Whereas, the mechanical treatment has no effect on the compositional properties, it reduced the crystalline nature of the cellulose, increased the active surface area, as well as increased the degree of polymerization [42] ; which ultimately improved the hydrolysis of straw and the bio-hydrogen yield of 9.72 mL/VS fed Energies 2016, 9, 198 8 of 14 obtained under thermophilic conditions. As a whole, the bio-hydrogen yields obtained in the present study are in agreement with the findings of Alimehdi [33] .
The impact of the pretreatment method would be clearer if the yield were calculated on the removed fraction of volatile solids (VS removed ), as presented in Table 2 . The increase in temperature from 37˝C to 55˝C increased the bio-hydrogen yield (VS removed ) by 21.48%, 6.03% and 9.34% and VS removal by 17.53%, 16.03% and 4.66% under chemical, steam explosion and mechanical pretreatment, respectively. The increase in temperature from 37˝C to 55˝C increased the degradation of cellulose by Clostridium thermocellum, which increased the bio-hydrogen yield, especially from rice straw under chemical treatment, as more cellulose was available under chemical treatment as compared to other tested treatments [43] . Apparently, the percentage increase in yield under mechanical pretreatment is higher than steam explosion, but if it is compared to the percentage of increase in VS removal, then steam explosion is more efficient than mechanical pretreatment. On the other hand, the mesophilic P-value (5570 mL) of steam explosion is 3.11% higher than the thermophilic P-value (5402 mL) of mechanical pretreatment, but the corresponding bio-hydrogen yield (VS removed ) of steam explosion is 19.37% higher than said mechanical pretreatment, which also makes steam explosion more efficient then mechanical pretreatment. Similarly, the thermophilic P-value (6181 mL) of steam explosion is 2.8% higher than the mesophilic P-value (6008 mL) of chemical pretreatment, but the bio-hydrogen yield of mesophilic chemical pretreatment is 0.98% higher than thermophilic steam explosion. As a whole, chemical pretreatment has a high efficiency in terms of cumulative bio-hydrogen production and yield, as well as in terms of VS removal. Apart from this, it has the lowest energy consumption compared to the other two methods, as well as zero pollutant emission, because there was no washing involved during pretreatment. Still, the bio-hydrogen yield obtained in the present study can be further improved by replacing the sludge source, as well as combining the pretreatment methods, like alkaline with chemical for more effective degradation of lignocellulosic biomass [19, 32] . 
Change in pH
There was a sudden drop in pH during the first 12 h of incubation, especially under mesophilic reactors [44] . The increase in temperature from 37˝C to 55˝C decreased the initial drop in pH, which also increased the bio-hydrogen production during 12 h of incubation (Figures 2 and 4) [45] . The mesophilic reactor under mechanical pretreatment has a higher drop in pH during the first 12 h of incubation, but in next 12 h, the drop in pH was less compared to other mesophilic reactors. On the other hand, the drop in pH under steam explosion pretreatment was least effected by an increase in temperature from 37˝C to 55˝C till 60 h of incubation, after which, mesophilic pH was fluctuating between 5.7 and 5.8 till 120 h, and thermophilic pH decreased to 5.7 till 144 h of incubation; whereas, reactors under chemical pretreatment have the least pH drop during 12 h of incubation and the impact of an increase in temperature within the experimental range was higher than steam explosion treatment, but less than mechanical. The difference between pH under both temperatures kept on increasing till 72 h of incubation, after which, the mesophilic pH was stable at 5.9 till bio-hydrogen production was ceased at 120 h, and the thermophilic drop in pH continued till bio-hydrogen production was Energies 2016, 9, 198 9 of 14 ceased at 144 h of incubation. Although the pH at which the bio-hydrogen production ceased for chemical pretreatment was the same under both temperatures (pH 5.9), the incubation time at which the bio-hydrogen production was ceased was different. On the other hand, the final pH at the end of incubation was also different, as the pH again started to decrease after bio-hydrogen production was ceased in the mesophilic reactor. The thermophilic pH at which the bio-hydrogen production ceased in other treatments was higher than the mesophilic pH. As a whole, pH from 6.7˘0.1 to 5.8˘0.1 and 7.1˘0.1 to 5.8˘0.1 was found suitable for co-digestion under mesophilic and thermophilic conditions, respectively.
Here, represents the pH within experimental conditions. The model explained the experimental results well for mechanical and chemical treatment, but not for steam explosion treatment, as the predicted values were 0.2-0.3 pH lesser than actual, but the trend was the same. Still, the R 2 value is acceptable in order to predict pH. Figure 5 represents the 2D plots by using Equation (4) . The drop in pH represented a similar trend under mechanical and steam explosion till 96 h of incubation, whereas the variation was high under chemical treatment till 108 h of incubation. Mostly, the bio-hydrogen production was observed till 144 h of incubation, and the modeled values represented the same range of pH as observed experimentally. After 120 h, the modeled variation in pH was the least, which was in agreement with the actual results. Quadratic modeling was done on pH data in the same way opted for bio-hydrogen production, and the following equation was obtained:
Here, Y represents the pH within experimental conditions. The model explained the experimental results well for mechanical and chemical treatment, but not for steam explosion treatment, as the predicted values were 0.2-0.3 pH lesser than actual, but the trend was the same. Still, the R 2 value is acceptable in order to predict pH. Figure 5 represents the 2D plots by using Equation (4) . The drop in pH represented a similar trend under mechanical and steam explosion till 96 h of incubation, whereas the variation was high under chemical treatment till 108 h of incubation. Mostly, the bio-hydrogen production was observed till 144 h of incubation, and the modeled values represented the same range of pH as observed experimentally. After 120 h, the modeled variation in pH was the least, which was in agreement with the actual results. Time (h) 
VFA Production under Tested Pretreatment
In the present study, heat shocked sludge was used for co-digestion with pretreated straw, and it was observed that the VFA contents increased with an increase in time (168 h), which was in agreement with the finding of Kim [46] . The effect of pretreatment, temperature and time on VFA is represented in Figure 6 . The highest experimental VFA at the end of incubation was observed in the mesophilic reactor under mechanical pretreatment. The increase in temperature decreased the VFA content for mechanical and steam explosion treatments, as also observed by Gadow [45] . The VFA contents were initially higher in the mesophilic rector under chemical pretreatment, but during 48 h-72 h of incubation, thermophilic VFA contents became higher. This was the same duration in which the bio-hydrogen production was increased dramatically in thermophilic reactors as compared to the mesophilic reactor under chemical pretreatment ( Figure 2) . As a whole, the VFA production rate was higher till 72 h, which was the same duration in which bio-hydrogen production was also higher, after which, VFA and the bio-hydrogen production rate both started to decrease. However, there was a sudden increase in VFA contents in the mesophilic reactor under mechanical pretreatment during 120 h-144 h of incubation. For the same duration, the VFA production was not so high in the thermophilic reactor under the same treatment, but bio-hydrogen production was much higher in the thermophilic reactor. The higher VFA contents can be inhibitory to the growth of bacteria, as they cause unfavorable physical changes in the cell and excessive energy is required to pump ions [25] . Such high energy is available at elevated temperatures, which increased the yield at elevated temperatures, as observed in the present study [47] [48] [49] .
The following equation was obtained for VFA as a result of quadratic modeling: The resultant 2D plots for VFA are shown in Figure 7 . It is clear that the VFA contents were high at the low modeled temperature range (37˝C) at the end of incubation, as observed experimentally under mechanical pretreatment (Figure 7a ). The variation in VFA contents decreased with an increase in temperature and incubation time under mechanical and steam explosion treatments, but the trend of variation was not the same under both treatments (Figure 7a,b) . The VFA contents were almost the same at 96 h, 37˝C and 168 h, 55˝C under mechanical pretreatment and 60 h, 37˝C and 168 h, 55˝C under steam explosion, which represent higher variations of VFA in the case of steam explosion as compared to mechanical pretreatment. On the other hand, VFA production under chemical treatment was different than the other two tested treatments (Figure 7c ). The VFA contents were higher under the mesophilic condition till 60 h of incubation, after which thermophilic VFA started to increase. After 120 h of incubation, the VFA variation increased with an increase in temperature, and VFA contents at 168 h, 37˝C and 144 h, 55˝C were almost same under chemical pretreatment. This represented the least effect of temperature under chemical pretreatment as compared to the other two tested treatments.
agreement with the finding of Kim [46] . The effect of pretreatment, temperature and time on VFA is represented in Figure 6 . The highest experimental VFA at the end of incubation was observed in the mesophilic reactor under mechanical pretreatment. The increase in temperature decreased the VFA content for mechanical and steam explosion treatments, as also observed by Gadow [45] . The VFA contents were initially higher in the mesophilic rector under chemical pretreatment, but during 48 h-72 h of incubation, thermophilic VFA contents became higher. This was the same duration in which the bio-hydrogen production was increased dramatically in thermophilic reactors as compared to the mesophilic reactor under chemical pretreatment ( Figure 2) . As a whole, the VFA production rate was higher till 72 h, which was the same duration in which bio-hydrogen production was also higher, after which, VFA and the bio-hydrogen production rate both started to decrease. However, there was a sudden increase in VFA contents in the mesophilic reactor under mechanical pretreatment during 120 h-144 h of incubation. For the same duration, the VFA production was not so high in the thermophilic reactor under the same treatment, but bio-hydrogen production was much higher in the thermophilic reactor. The higher VFA contents can be inhibitory to the growth of bacteria, as they cause unfavorable physical changes in the cell and excessive energy is required to pump ions [25] . Such high energy is available at elevated temperatures, which increased the yield at elevated temperatures, as observed in the present study [47] [48] [49] . 
R 2 = 0.8378; F = 206.58
The resultant 2D plots for VFA are shown in Figure 7 . It is clear that the VFA contents were high at the low modeled temperature range (37 °C) at the end of incubation, as observed experimentally under mechanical pretreatment (Figure 7a ). The variation in VFA contents decreased with an increase in temperature and incubation time under mechanical and steam explosion treatments, but the trend of variation was not the same under both treatments (Figure 7a,b) . The VFA contents were almost the same at 96 h, 37 °C and 168 h, 55 °C under mechanical pretreatment and 60 h, 37 °C and 168 h, 55 °C under steam explosion, which represent higher variations of VFA in the case of steam explosion as compared to mechanical pretreatment. On the other hand, VFA production under chemical treatment 
Conclusions
The effect of mechanical, steam explosion and chemical pretreatments on the lignocellulosic properties of rice straw, as well as on the bio-hydrogen production potential of rice straw when co-digested with heat shocked sludge was studied under mesophilic and thermophilic conditions. The chemical pretreatment was observed to be the most effective way to reduce holocellulose contents, as well as decreasing the lignin contents of rice straw, which ultimately produced more 
The effect of mechanical, steam explosion and chemical pretreatments on the lignocellulosic properties of rice straw, as well as on the bio-hydrogen production potential of rice straw when co-digested with heat shocked sludge was studied under mesophilic and thermophilic conditions. The chemical pretreatment was observed to be the most effective way to reduce holocellulose contents, as well as decreasing the lignin contents of rice straw, which ultimately produced more bio-hydrogen under co-digestion as compared to the other two tested treatments. The increase in temperature from mesophilic to thermophilic conditions found an effective way to enhance bio-hydrogen production through co-digestion, and the highest experimental yield of 60.6 mL/g VS removed was obtained from chemical pretreatment under thermophilic conditions. The drop in pH was observed during the incubation pH from 6.7˘0.1 to 5.8˘0.1 and 7.1˘0.1 to 5.8˘0.1 to be suitable for bio-hydrogen production through co-digestion under mesophilic and thermophilic conditions, respectively. The 2D plots developed by the response surface methodology provided better representation of the experimental outcomes under various sets of treatments. As a whole, chemical pretreatment is recommended for rice straw, because of the higher bio-hydrogen yield through co-digestion, better pH environment and zero pollutant emission.
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